dutA is a gene specifically expressed during the development of Dictyostelium discoideum. Toward understanding Its possible role In development, we Isolated and characterized the gene and Its complete cDNA. We found that dutA is encoded by the nuclear genome as a single copy gene without Introns. In addition, the following unique and Interesting features oldutA RNA (1322 nt) emerged: (1) It has no sustained ORFs (MAX = 126 nt) (2) it Is extremely AU-rich (83%) (3) it contains peculiar sequence motifs (large palindromes, long AU-stretches and GC-clusters) (4) It is localized In the cytoplasm but completely absent from ribosomes. These features suggest that dutA RNA functions without being translated into protein. Disruption of the dutA gene did not cause phenotyplc changes, suggesting that the function of dutA is redundant.
INTRODUCTION
There is a class of RNA (structural RNA) which exhibits its function by itself without being translated into protein, for example, rRNA, tRNA or RNAs in ribozymes (1, 2) and spliceosomes (3, 4) . Recently, several new structural RNAs have been reported. Mouse H19 RNA (5, 6 ) is induced during embryogenesis and has tumor-suppressor activity. Human X1ST RNA (7) is thought to be responsible for the inactivation of the X chromosome. However, their action mechanisms are still unclarified.
We previously identified a gene (previously called DC6) in Dictyostelium discoideum, whose expression is strictly regulated in development through the interaction between cells, and thus may be implicated in the developmental process (8) . In the present study, we cloned the gene, characterized its complete cDNA, examined the subcellular localization of its RNA and disrupted the gene. The peculiar sequence (such as no sustained ORF, long palindromes) and the unexpected localization of its RNA (the complete absence from ribosomes) suggest that this RNA is not an mRNA but a structural RNA. We thus refer this gene to dutA (development-specific but untranslatable RNA). Our preliminary results suggest that cognate sequences are widespread among organisms.
MATERIALS AND METHODS

General methods
The strain Ax2 of D. discoideum was used and all manipulations of cells were performed according to Sussman (9) . We usually used the cells (T(15) cells), which developed for 15hr in suspension (20 mM Na2HPO 4 /KH 2 PO4 pH7.0, 2 mM MgSO 4 ). Transformation of Ax2 cells was carried out by the calcium phosphate method (10) .
DNA and RNA manipulations were performed as described by Maniatis et al. (11) . DNA labeling and cDNA library construction were done with a multiprime DNA labeling system (Amersham) and a You-Prime cDNA synthesis kit (Pharmacia LKB), respectively. Filter hybridization with DNA probes was carried out for 12 hr at 42 °C in the presence of 50% formamide and 5XSSPE, and washed at 37°C or 50°C in 0.1 XSSC and 0.1% SDS.
PCR was performed with a thermal cycler B-641 (KURABO) according to the manufacture's instruction. For RT-PCR, poly(A) RNA was reverse-transcribed and resultant cDNA was amplified with Tth polymerase (TOYOBO) according to Myers and Gelfand (12) .
Isolation of genomk clones
Genomic clone EE2900 was isolated from genomic mini-library. Nuclear DNA of Ax2 cells was digested with EcoRI and separated in 0.8% TAE-agarose gel. 2.3-4.3 kb fragments of digested DNA were collected and inserted into plasmid pUCl 18. This library was screened with labeled C6A probe (a previously isolated cDNA clone). ME900 were isolated by inverse PCR (13) . Nuclear DNA which was digested with Mbol and ligated to be circularized was used as a template, and amplification was carried out with primer H and I (Fig. 3) .
Fractionation of cellular components
Developed Ax2 cells (in the slug stage) were mildly lysed in the lysis buffer (50 mM Hepes (pH 7.5), 1% Triton X-100, 10% sucrose and 5 mM MgSO 4 ). The lysate was fractionated by differential centrifugation, i.e., at 400 g for 5 min and then at 2,000 g for 5 min. First precipitate (PI: cell debris) and second precipitate (P2: nuclear fraction) were resuspended in lysis buffer. Second supernatant (S2: cytosol-organelle fraction) was further fractionated by 15-40% sucrose density gradient centrifugation at 100,000 g for 3 hr. A strategy for the determination of dutA RNA sequence. C6A is a previously-isolated cDNA clone. C6B and C6C were the longest cDNA clones isolated from oligo(dT)-primed cDNA library and primer E-primed cDNA library, respectively. C6D was cloned by RT-PCR method with primer A and C. 5'-region of dutA RNA was determined by SI nuclease mapping. 
Construction of the disruption vector and the antisense vector
The disruption vector was made as follows: EE2900 was inserted into pUC119 at the EcoRI site and a plasmid in which the upstream region in EE2900 was located near the BamHI site was selected (PUC-EE2900S). EE800 fragment was blunted with Klenow fragment and inserted into pUC119 at the HincII site and a plasmid in which the upstream region in EE800 was located near the PstI site (pUC-EE800S). BamHI-PstI fragment containing EE800 was excised from pUC-EE800S and inserted into pUC-2900S at the BamHI-PstI site (pUC-EE800S- EE2900S). Xbal-Xbal fragment containing actin 15 promoter-aminoglycoside 3' phosphotransferase gene-actin 15 terminator (NeoO was excised from pDNeoII and inserted into pUCl 19 at the Xbal site and a plasmid in which 5' of Neo 7 was located near the Sail site was selected (pUC-Neo r S). BamHI-Sail fragment containing Netf was excised from pUCNeo r S and inserted into pUC-EE800S-EE2900S at the Xhol (located in EE2900)-BamHI site (pUC-EE800S-Neo r A-XE2000S). This plasmid was cut with EcoRI and PstI to liberate the insert (EESOOS-NetfA-XKOOOS) and Ax2 cells were transformed with it. To create the antisense vector, EX889 fragment was inserted into plasmid pDNeoII (14) at the EcoRI-Sail site to allow the antisense RNA expression (pDNeo-EX889A). 
RESULTS
The structure of the dutA gene
We have previously isolated a partial cDNA clone of dutA RNA (C6A in Fig. IB) (8) . Using this clone, overlapping cDNA clones were isolated from an oligo(dT)-primed cDNA library and an internally-primed cDNA library (Fig. IB) . However, all these standard methods yielded only partially extended cDNA, probably due to its peculiar sequences. Therefore a cDNA of the 5'-half region of dutA RNA was isolated by RT-PCR (12) . The initiation site of transcription was determined by SI nuclease protection assay (Fig. 2) . All clones isolated from the oligo(dT) library had the same 3'-terminus as C6A, indicating that the transcription of dutA RNA terminates at this point. From these, we determined the entire sequence of dutA RNA (1332 nt) (Fig.  3) .
Genomic Southern analysis shows that dutA is present as a single copy gene in the haploid genome (Fig. 4 ). This conclusion was confirmed by the gene disruption experiment (see below). We also performed Southern blot analysis at lower stringencies (blots were washed in 6xSSC, 4xSSC or 2XSSC at 42°C) but no related genes were detected. Two genomic clones (EE2900 and ME900) that cover the dutA gene were isolated and sequenced (Fig. 1A) . Since restriction maps of these clones perfectly agreed with that derived from genomic Southern analysis, DNA rearrangement should not have occurred in the cloning process. The restriction map of dutA gene is not consistent with that of mitochondrial DNA which was previously reported (15) , indicating that dutA is not a mitochondrial but a nuclear gene. This conclusion was confirmed by Southern analysis with purified mitochondrial DNA (data not shown).
The cDNA sequence is completely coincident with the corresponding region of the genomic sequence, implying that the dutA RNA is encoded by one long exon. Mung bean nuclease protection assay gave rise to about a 1.2-1.3 kb protected fragment (data not shown) and this also indicates that dutA RNA is encoded by one long exon. As for a poly (A) tail, there is a poly (A) tract at the 3 '-end of cDNA sequence but it is not certain whether this tract is posttranscriptionally added or transcribed from the genomic sequence, since a similar poly(A) tract is present at the corresponding position of the genome. The absence of the consensus sequence for the polyadenylation signal on the RNA supports the latter possibility.
In the upstream non-coding region (Fig. 3) , there is a presumptive TATA box (-27 bp) but neither a G-rich element nor a CA-rich element, which are the proposed cis-regulatory elements of transcription in D.discoideum (17) . This agrees with its peculiar characteristics that the expression is not affected by cAMP (8) or DIF-1 (unpublished), which regulate the expression of many previously investigated genes of D.discoideum.
Protein coding potential of dutA RNA To deduce the amino acid sequence of the putative dutA product, we searched the entire RNA sequence for any possible ORFs. However, multiple stop codons appear very frequently in all 6 reading frames (on the sense strand and the antisense strand) and thus no sustained ORFs could be found (Fig. 5A) . The longest possible ORF identified is only 126 nt long, which is less than 10% of the length of dutA RNA (the longest ORF that initiates at a GUG codon is 156 nt long but GUG has not been reported to be used as an initiation codon in D.discoideum). Moreover, the context of ATG in each ORF was quite different from the optimal consensus of the initiation context among D. discoideum genes (AAAATG: Yoshida and Okamoto, unpublished; some ORFs contain complete consensus sequence but are quite short (<, 27 nt)). It is very unlikely that the sequence we determined was distorted by rearrangement during the cloning process because the sequences of all genomic and cDNA clones, which were independently isolated, completely accord with each other. Moreover, dutA RNA has some other peculiar characteristics: first, the nucleotide sequence is composed largely of A and U residues (A = 51.1%, U = 32.1%, G = 8.6%, C = 8.2%), which frequently appear as homopolymer tracts, especially in the 5'-region. Second, G and C residues are not randomly scattered over dutA RNA but rather localized in two GC rich domains (Fig. 5B) . Third, the sequence of dutA RNA has six large palindromes and the largest one extends over 71 nt ( Fig.  5C and 5D) .
The above data are most consistent with the idea that duiA RNA does not encode protein but functions as a structural RNA. Computer searches with available data bases (by IDEAS program) could not find any other nucleotide sequences that had significant similarity to dutA RNA.
Subcellular localization of dutA RNA
The subcellular location of dutA RNA was analyzed to assess whether dutA RNA is transported into the cytoplasm, and whether it associates with the translational machinery of the cell. Cells in the slug stage were mildly disrupted and fractionated by differential centrinjgation into low speed precipitate (cell debris), high speed precipitate (nuclear fraction), and high speed supernatant (cytosol-organelle fraction). The majority of dutA RNA was fractionated into the cytosol -organelle fraction rather than the nuclear fraction (Fig. 6A) , whereas that of Dd8 RNA (small nuclear RNA of D.discoideum identified by Kaneda (18)) was in the nuclear fraction as expected (Fig. 6B) .
The cytosol-organelle fraction was then further fractionated by sucrose density gradient centrifugation (Fig. 6C-E) . Actin RNA was fractionated into both polysomal fractions and lighter fractions, while dutA RNA was found only in the lighter fraction, indicating that dutA RNA does not associate with ribosomes. This is consistent with the absence of protein-coding potential of dutA RNA.
Disruption of dutA gene
To directly assess the function of dutA RNA in vivo, We made antisense mutagenesis but the phenotype of antisense transformants were all normal in development (data not shown). Then we disrupted the dutA gene by gene targeting in the haploid strain. The gene replacement construct EE800S-Neo r A-XE2000S (Fig. 7A) , which contains the genomic fragments EE800 and XE2000 interrupted by the bacterial neomycin phosphotransferase gene (14) , was introduced into Ax2 cells. Disruptants were selected from neomycin-resistant transformants by genomic Southern hybridization ( Figure 7B ). By these procedures, we obtained 4 disruptants out of 74 transformants. In these disruptants, dutA RNA was completely lost (Fig. 7C) . However, all of them showed normal morphology in development as far as examined. This suggests that dutA function is redundant in this organism.
Cognate sequences in other organisms
Next we examined whether the sequences similar to dutA are present in the genomes of other organisms. As shown in Fig.  8 , a cognate sequence in Saccharomyces cerevisiae was detected in the lower stringency genomic Southern blot. Cognate sequences in other organisms were also examined by using PCR and Southern hybridization. Genomic DNAs prepared from other cellular slime molds (D.mucoroides, D. rosarium and D.purpleum), S.cerevisiae, Schizosaccharomyces pombe, Drosophila melanogaster, Oryzias latipes (killifish), Mus musculus (mouse), Bos taurus (bovine), Arabidopsis thaliana and Lemna paucicostata (duck weed) were used as a template and PCR was performed with 7 pairs of primers (Fig. 9A) . Amplified DNA fragments were Southern-blotted and probed with dutA (DEL1500L). As shown in Fig. 9C -F (data of several organisms are not shown), several bands were detected in all of the organisms examined. It is unlikely that these were amplified from contaminated DNA of D.discoideum because their sizes were not completely identical to those expected from D.discoideum (Fig.  9B) , and some of the pairs of primers did not yield hybridizable bands. These results suggest that dutA like sequences are widespread from lower eukaryotes to mammals and plants. However, we must await further investigation to ascertain that those sequences are transcribed.
DISCUSSION
Does dutA encode a protein?
D.discoideum uses universal codons in nuclear and mitochondrial genes (19) . When the sequence of dutA RNA is converted into the amino acid sequence according to the universal codons, stop codons appear so frequently in all 3 reading frames that any potential ORFs are too short (^ 126 base) to encode a protein.
Moreover, dutA RNA shows extremely low GC-content (17% G/Q, compared to the minimal GC-content necessary to encode an average protein (36% G/Q. \n D.discoideum, protein coding regions are relatively GC-poor (-38% G/C) but not as poor as dutA (19) . This suggests that dutA RNA does not encode a protein.
One possibility is that a functional ORF is generated by posttranscriptional nucleotide insertion (RNA editing) (20) . However, we have never observed edited dutA RNAs in any cDNAs we cloned. Thus it is unlikely that editing makes dutA RNA translatable.
Finally, the most compelling evidence for dutA RNA not being an mRNA is the absence of dutA RNA from ribosomes in the cytoplasm. From these, we conclude that dutA RNA does not encode protein.
How does dutA exhibit its function?
The absence of coding potential indicates that dutA RNA works by itself without being translated into protein, that is, as a structural RNA. Its peculiar nucleotide sequence (AU tracts, GC islands and palindromes) might be important for the conformation of RNA, association with proteins and its function. An attempt to calculate the most stable secondary structure of dutA RNA (by MFOLD program) was unsuccessful, probably due to too many possibilities of pairing among AU-rich regions.
Recently several new candidates for a structural RNA have been reported. HI9 RNA of mouse and human is induced during the embryogenesis, associates with a cytoplasmic particle and has been shown to have tumor-suppressor activity (5, 21, 22) . The XIST gene of human (and Xist of mouse) is expressed from only one of the two X chromosomes, localized in the heterochromatic Barrbody and possibly involved in the inactivation of X chromosome (7, 16) . These RNAs are assumed to be structural RNAs but the molecular mechanisms by which they operate are still unknown. Since their length are relatively large (1-20 kb), their action mechanisms may be quite complex. Although the length and the subcellular localization of dutA RNA is similar to those of H19 RNA, they are not similar in their nucleotide sequence.
Does dutA have a role in the development of D.discoideum?
Previously we found that the expression of dutA is strictly regulated by cellular interaction during the development (8) and dutA RNA accumulates relatively abundantly ( -0.01% of poly(A) RNA) (unpublished). Moreover, preliminary studies indicate that the sequences similar to dutA are widespread among organisms, from lower eukaryotes to mammals and plants. These facts support the notion that dutA has some important role in D.discoideum and other organisms.
Although neither antisense mutagenesis nor gene disruption cause phenotypic changes, this does not necessarily imply that dutA RNA is a useless RNA because there are many reports that disruption and antisense mutagenesis of D.discoideum genes, as well as mammalian genes, cause no phenotypic changes (14, 23, 24) . This may result from the redundancy of the gene function and it is even possible that more important genes have more redundancy. Another possibility is that under the optimal conditions of growth and development provided in the laboratory, phenotypic defects may not be detectable. We are now trying to isolate and disrupt a cognate gene in S.cerevisiae. Comparison between the D.discoideum and S.cerevisiae RNA could enable us to identify conserved regions or features which might be important for dutA function.
